The conformation of adenine nucleotide translocase (ANT) has a profound impact in opening the mitochondrial permeability transition pore (MPTP) in the inner membrane. Fixing the ANT in 'c' conformation by phenylarsine oxide (PAO), tert-butylhydroperoxide (tBHP), and carboxyatractyloside as well as the interaction of 4,4′-diisothiocyanostilbene-2,2′-disulfonate (DIDS) with mitochondrial thiols markedly attenuated the ability of ADP to inhibit the MPTP opening. We earlier found (Korotkov and Saris, 2011) that calcium load of rat liver mitochondria in medium containing TlNO 3 and KNO 3 stimulated the Tl + -induced MPTP opening in the inner mitochondrial membrane. The MPTP opening as well as followed increase in swelling, a drop in membrane potential (ΔΨ mito ), and a decrease in state 3, state 4, and 2,4-dinitrophenol-uncoupled respiration were visibly enhanced in the presence of PAO, tBHP, DIDS, and carboxyatractyloside. However, these effects were markedly inhibited by ADP and membrane-penetrant hydrophobic thiol reagent, N-ethylmaleimide (NEM) which fix the ANT in 'm' conformation. Cyclosporine A additionally potentiated these effects of ADP and NEM. Our data suggest that conformational changes of the ANT may be directly involved in the opening of the Tl 
It is known that the opening of the MPTP occurs in response to Ca 2+ overload, especially when accompanied by oxidative stress, raised inorganic phosphate concentration and adenine nucleotide depletion in the mitochondrial matrix (Halestrap, 2010) . It has recently been suggested that the PiC and the CyP-D are the main structural parts of the MPTP, whereas the ANT interacting closely with the first two could be attributed to the regulatory component of the pore (Baines, 2009; Halestrap, 2010; Elrod and Molkentin, 2013; Gutiérrez-Aguilar and Baines, 2015) . Presently, appearance of the large multiprotein complex, MPTP in the IMM is inferred by a new model which suggests that CypD is bonded to the PiC and the ANT, and also interacts with the lateral stalk or c-subunit of ATP-synthase to regulate CsA-dependent pore opening in Ca 2+ -loaded mitochondria (Giorgio et al., 2009; Bernardi, 2013; Bonora et al., 2013; Chinopoulos and Szabadkai, 2013; Elrod and Molkentin, 2013; Giorgio et al., 2013; Gutiérrez-Aguilar and Baines, 2015; Bonora et al., 2015) . The MPTP is regulated by adenine nucleotides, ΔΨ mito , and the ANT ligands (ADP, CATR, and BKA) (Halestrap and Brenner, 2003; Halestrap, 2010) . Involvement of the ANT in pore formation is suggested by the stimulation of MPTP opening by stress inductors (tBHP and diamide), thiol cross-linker PAO, and CATR which stabilize the ANT in 'c' conformation, increasing Cyp-D binding and reducing ADP binding with specific sites of the translocase (Petronilli et al., 1994; Castilho et al., 1996; McStay et al., 2002; Halestrap and Brenner, 2003; Halestrap, 2010) . Experiments with mersalyl and bifunctional reagent DIDS revealed that conformational changes are involved in altering the reactivity of the ANT thiol groups (Bernardes et al., 1994; Lapidus and Sokolove, 1994; Bernardes et al., 1997; Kowaltowski et al., 1997) . ADP, NEM, EMA and thiol-specific dimaleimides fix the ANT in 'm' conformation, and as a result, decreased affinity of the calcium binding site to Ca 2+ and the MPTP inhibition, Toxicology in Vitro 32 (2016) 320-332 Abbreviations: MPTP, mitochondrial permeability transition pore; PiC, mitochondrial phosphate carrier; CyP-D, cyclophilin D; ANT, adenine nucleotide translocase; IMM, inner mitochondrial membrane; CsA, cyclosporine A; ΔΨ mito , mitochondrial membrane potential; CATR, carboxyatractyloside; BKA, bongkrekic acid; tBHP, tertbutylhydroperoxide; PAO, phenylarsine oxide; DIDS, 4,4′-Diisothiocyanostilbene-2,2′-disulfonate; NEM, N-ethylmaleimide; EMA, eosin-5-maleimide; CaRLM, Ca 2+ -loaded rat liver mitochondria; DNP, 2,4-dinitrophenol; EGTA, ethylene glycol-bis(β-aminoethyl ether) N,N,N′,N′-tetraacetic acid; RCR ADP , respiratory control ratio; RCR DNP , DNP-dependent respiratory control ratio; RLM, rat liver mitochondria; ROS, reactive oxygen species; MSL, mersalyl; DTT, dithiothreitol; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; PSSG, glutathionylated proteins.
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Toxicology in Vitro j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t o x i n v i t followed by mitochondrial swelling and ΔΨ mito disruption had place in experiments with tBHP, diamide, arsenite, or menadione (Majima et al., 1993; Petronilli et al., 1994; Kowaltowski et al., 1997; Hashimoto et al., 1999; McStay et al., 2002; Halestrap and Brenner, 2003; Nantes et al., 2011) . Experiments in which swelling of RLM occurred in nitrate media showed that the IMM has a low permeability to K + but a higher permeability to Tl + (Brierley et al., 1970; Saris et al., 1981; Korotkov et al., 2008) . The opening of the Tl + -induced MPTP in IMM of CaRLM was observed in medium containing 25-75 mM TlNO 3 , KNO 3 , and 25-100 μM Ca 2+ (Korotkov and Saris, 2011) . This opening was accompanied by increased mitochondrial swelling and ΔΨ mito dissipation, as well as a decrease in state 4, state 3 and DNP-uncoupled respiration of the mitochondria (Korotkov and Saris, 2011) . These effects were markedly decreased by the MPTP inhibitors (ADP and CsA). On the other hand, cytotoxic effects of Tl + in experiments with isolated rat hepatocytes (Pourahmad et al., 2010) were considerably reduced by the MPTP inhibitors (CsA and carnitine). We recently demonstrated that Tl + interacted only weakly with the IMM thiol groups, but formed complexes with soluble matrix proteins of RLM in medium containing TlNO 3 and KNO 3 (Korotkov et al., 2014a) . The swelling of non-energized RLM in the medium was decreased by ADP in experiments with Y 3+ and La 3+ (Korotkov et al., 2014b) or Tl + alone (Korotkov and Saris, 2011) which points to the possible participation of the ANT in regulating the inner membrane ion permeability to Tl + ions. At the same time, we are still uncertain about the involvement of conformational changes of the ANT at opening of the Tl + -induced MPTP. Our aim was therefore to study the influence of reagents (PAO, DIDS, tBHP, and CATR), fixing the ANT 'c' conformation, on the ability of ADP, BKA and NEM, fixing the ANT 'm' conformation, to inhibit the Tl + -induced MPTP opening in the inner membrane of CaRLM. We investigated influence of these reagents on swelling, basal, state 4, state 3 and DNP-uncoupled respiration, and ΔΨ mito dissipation of CaRLM, injected into medium containing TlNO 3 , KNO 3 , succinate, and rotenone.
Materials and methods

Animals
The research was used male Wistar rats (250-300 g) which were kept at 20-23°C under 12-h light/dark cycle with free access to water ad libitum and the standard rat diet. All treatment procedures of animals were carried out according to the Animal Welfare act and the Institute Guide for Care and Use of Laboratory Animals.
Isolation of mitochondria
Rat liver mitochondria were isolated according to the standard procedure (Korotkov et al., 2015a) . To get pellet containing mitochondria, rat liver was homogenized in a buffer containing 250 mM sucrose, 3 mM Tris-HCl (pH 7.3), and 0.5 mM EGTA and successively centrifuged at 800 ×g and 10,000 ×g. Next the pellet was rinsed twice by resuspension-centrifugation in a buffer containing 250 mM sucrose and 3 mM Tris-HCl (pH 7.3) and finally suspended in 1 ml of the latter buffer. The protein content in mitochondrial preparations was assayed by Bradford's method and it was within 50-60 mg/ml.
Swelling of mitochondria
The early mention about the use of millimolar Tl + concentrations was made by Melnick et al. (1976) and Saris et al. (1981) which applied swelling and polarographic techniques in experiments with isolated mitochondria. The applicability of such experimental model in toxicological studies in vitro was earlier discussed by us in more detail (Korotkov et al., 2007; Korotkov et al., 2015b) . Mitochondrial swelling was measured as a decline in A 540 at 20°C using a SF-46 spectrophotometer (LOMO, St. Petersburg, Russia). Mitochondria (1.5 mg protein/ml) were injected into a 1-cm cuvette with 1.5 ml of 400 mOsm medium containing 200 mM KNO 3 ( Fig. 1A and C following chemicals were added into the medium before or after mitochondria (see Figs. 1-4 legends more detail): Ca 2+ , PAO, tBHP, NEM, DIDS, ADP, CsA, BKA, and CATR. The swelling, oxygen consumption rates, and ΔΨ mito were studied in 400 mOsm media in order to verify the comparability and consistency between data in different experiments.
Oxygen consumption assay
Respiration (oxygen consumption rate) was evaluated polarographically using Expert-001 analyzer (Econix-Expert Ltd., Moscow, Russia) in a 1.3-ml closed thermostatic chamber with magnetic stirring at 26°C. Mitochondria (1.5 mg protein/ml) were injected to 400 mOsm medium containing 25 mM TlNO 3 , 100 mM sucrose, 3 mM Mg(NO 3 ) 2 , and 3 mM Tris-P i (Fig. 5 ) or 75 mM TlNO 3 and 1 μg/ml of oligomycin (Fig. 6 ) as well as 125 mM KNO 3 , 5 mM Tris-NO 3 (pH 7.3), 5 mM succinate, and 2 μM rotenone. The following reagents were added in the medium before or after mitochondria: Ca 2+ , PAO, tBHP, NEM, DIDS, ADP, and CsA (see . ADP at 130 μM and DNP at 30 μM were correspondingly administrated into the medium after 2 min recording of state 4 (Fig. 5 ) or basal state to induce state 3 and DNP-uncoupled respiration. The respiratory control ratio (RCR ADP ) was calculated as a ratio of state 3 to state 4 ( Fig. 5 and see Table 5 in Korotkov (2016) ). The RCR DNP was accordingly quantified as a ratio of DNP-uncoupled respiration to state 4 (Fig. 5) or a basal state respiration ( Fig. 6 and see Table 6 in Korotkov (2016) ).
Mitochondrial membrane potential
The ΔΨ mito induced in succinate-energized on the IMM of RLM (Fig. 7) was evaluated according to Waldmeier et al. (2002) by the intensity of safranin fluorescence (arbitrary units) in the mitochondrial suspension with magnetic stirring at 20°C using a Shimadzu RF-1501 spectrofluorimeter (Shimadzu, Japan) at 485/590 nm wavelength (excitation/emission). Mitochondria (0.5 mg protein/ml) were placed into a quartz cuvette of four clear walls with 3 ml of a medium containing 20 mM TlNO 3 , 125 mM KNO 3 , 110 mM sucrose, 5 mM Tris-NO 3 (pH 7.3), 1 mM Tris-P i , 3 μM safranin, 2 μM rotenone, and 1 μg/ml of oligomycin. In addition, the next chemicals were added in the medium before mitochondria: PAO, tBHP, DIDS, ADP, and CsA (where indicated). Succinate, Ca
2+
, and DNP were administrated into the medium after mitochondria (see Fig. 7 legend) . Temperature conditions used in the research (Figs. 1-7) were standard for experiments with isolated mitochondria in vitro.
Statistics
The statistical differences in results and corresponding p-values were evaluated using two population t-test (Microcal Origin, Version 6.0, Microcal Software). These differences are presented as percent of the average (p b 0.05) from one of three independent experiments (Figs. 1-7) . More detailed statistical analysis, see in Korotkov (2016) .
Chemicals
CaCl 2 , Mg(NO 3 ) 2 , H 3 PO 4 , KNO 3 , TlNO 3 , and DNP were of analytical grade from Nevareactiv (St. Petersburg, Russia). Rotenone, oligomycin, PAO, tBHP, NEM, tris-OH, EGTA, ADP, CsA, BKA, CATR, and succinate were from Sigma (St. Louis, MO, USA). DIDS was purchased from Santa Cruz Biotechnology (USA). Sucrose as 1 M solution was refined from cation traces on a column filled with a KU-2-8 resin from Azot (Kemerovo, Russia). ) are shown by arrows. Typical traces from one of three independent different mitochondrial preparations are presented.
Results
3.1. Effects of PAO, tBHP, DIDS, NEM, ADP, CsA, BKA, and CATR on swelling of rat liver mitochondria in the medium containing Tl + and Ca
2+
The study of isolated mitochondria in media containing KNO 3 and TlNO 3 permits the investigation of how K + and Tl + pass through the IMM, which is easily permeable to NO 3 − (Brierley et al., 1970; Saris et al., 1981; Korotkov, 2009 ). Succinate-energized rat liver mitochondria in nitrate media free of additions showed weak swelling in the media containing KNO 3 alone ( Fig. 1A and C) or TlNO 3 and KNO 3 (Figs. 1B and D, (2) (3) (4) . Visible swelling of the mitochondria occurred in the medium containing KNO 3 and 10-20 μM PAO ( Fig. 1A and see Table 1 in Korotkov (2016)). Swelling (similar change in A 540 ) was already detected in the medium containing TlNO 3 , KNO 3 , and 2-5 μM PAO, and it was maximized at 20 μM PAO ( Fig. 1B and see Table 1 in Korotkov (2016) ). Energized mitochondria in the KNO 3 medium did not swell in the presence of 50-500 μM tBHP (Fig. 1C) . Swelling of the succinate-energized mitochondria in the TlNO 3 medium increased in experiments with 50-75 μM tBHP ( Fig. 1D) and was maximal at 100-500 μM tBHP. Injection of 100 μM Ca 2+ in the medium containing TlNO 3 , KNO 3 , succinate, and rotenone ( Fig. 2A , control trace) resulted in massive mitochondrial swelling which was additionally accelerated in the presence of 1-10 μM PAO ( Fig. 2A ). Visible inhibition of the swelling by ADP was found in experiments with 0-2 μM PAO ( Fig. 2A and see Table 2 in Korotkov (2016) ). The inhibiting effect of ADP some decreased in the presence of 2 μM PAO, and this effect vanished completely at 5-10 μM PAO ( Fig. 2A ). DIDS at 5-100 μM markedly accelerated the swelling of energized RLM, added into the medium fee of Ca 2+ (Fig. 2B and see Table 2 in Korotkov (2016) ). These mitochondria did not swell in the presence of ADP and 0-5 μM DIDS (Fig. 2B ). When ADP was injected into the medium containing TlNO 3 and 12.5-50 μM DIDS (Fig. 2B) , it inhibited the DIDS-accelerated swelling of succinateenergized RLM. However, inhibiting with ADP was minimal at 100 μM DIDS ( Fig. 2B and see Table 2 in Korotkov (2016) ). DIDS at 2.5-5 μM did not affect the swelling of CaRLM but some increase in this one was found at 12.5 μM DIDS ( Fig. 2C and see Table 2 in Korotkov (2016) ). This DIDS-accelerated swelling of CaRLM was inhibited entirely or partially in experiments with ADP and 2.5 μM or 5 μM of DIDS, respectively ( Fig. 2C and see Table 2 in Korotkov (2016) ). The swelling of energized CaRLM was some accelerated in first minute after injection of Ca 2+ into the medium containing 50-500 μM tBHP (Fig. 2D ). However, this swelling was accordingly inhibited by ADP completely at 25 μM tBHP or partly at 50 μM tBHP ( Fig. 2E and see Table 2 in Korotkov (2016) ). The swelling of CaRLM was not inhibited by ADP in the presence of 100 and 500 μM tBHP ( Fig. 2E and see Table 2 in Korotkov (2016)). However, the swelling was visibly inhibited in the presence of their binary combinations ( Fig. 3A and see Table 3 in Korotkov (2016) ), the maximal effects occurring with their mixture (ADP + CsA + NEM).
The Ca
-induced swelling, accelerated by 5 μM DIDS, was partly reduced by ADP alone or CsA plus NEM ( Fig. 3B and see Table 3 in Korotkov (2016) ) but not by CsA or NEM alone. Maximal inhibition of the swelling was seen in the presence of both ADP plus NEM with/without CsA, and especially in experiments with ADP plus CsA (Fig. 3B and 2+ on oxygen consumption rates of rat liver mitochondria. Mitochondria (1.5 mg/ml of protein) were added in medium containing 75 mM TlNO 3 , 125 mM KNO 3 , 5 mM Tris-NO 3 (pH 7.3), 5 mM succinate, 2 μM rotenone, and 1 μg/ml of oligomycin. Additions of mitochondria (RLM), 100 μM Ca 2+ (Ca   2+   ) , and 30 μM DNP (DNP) are correspondingly showed by vertical arrows, inclined long bold arrows, and inclined bold arrows. Injections of PAO, DIDS, and tBHP are correspondingly showed by inclined long arrows (panels A-C). Additions of 500 μM ADP (ADP), 1 μM CsA (CsA), and 50 μM NEM (NEM) are correspondingly showed by inclined long arrows (panels A-C). Experiments free of additions are indicated on the right of the traces: none Ca 2+ (free of additions, in bold) and 100 μM Ca (2016)). Hash on the right of latter numbers indicates that the difference between appropriate value of the RCR DNP is non-relevant statistically to the values found in the control. Oxygen consumption rates (ng atom O min/mg of protein) are presented as numbers placed above experimental traces. Representative traces from one of three independent experiments are presented.
see Table 3 in Korotkov (2016) ). Fig. 3C shows that the Ca 2+ -induced swelling, accelerated by 50 μM tBHP, was decreased in a lot of CsA N control N NEM, CsA + NEM N ADP N or ADP + NEM N ADP + CsA, ADP + CsA + NEM (see Table 3 in Korotkov (2016) , as well). NEM at 50-500 μM enhanced the swelling of succinateenergized RLM after some lag ( Fig. 4A and see Table 4 in Korotkov (2016) ). NEM at 50 μM decreased the swelling of CaRLM, and reduced ADP inhibition of the swelling with some lag (Fig. 4B and see Table 4 in Korotkov (2016) ). The Ca 2+ -induced swelling increased visibly at 250-500 μM NEM regardless of the presence of ADP (Fig. 4B and see Table 4 in Korotkov (2016) ). The swelling of RLM after injection of Ca 2+ into the medium containing TlNO 3 and KNO 3 was decreased in the order of control, CATR N CsA ≫ ADP + CATR N BKA N ADP ( Fig. 4C and see Table 4 in Korotkov (2016) ).
3.2. Influence of PAO, tBHP, DIDS, NEM, ADP, and CsA on oxygen consumption rates of rat liver mitochondria in the medium containing Tl + and Ca
Fig. 5 demonstrates the influence of used sulfhydryl reagents (PAO, tBHP, and DIDS) on the oxygen consumption rates of succinateenergized rat liver mitochondria added to 400 mOsm medium containing 25 mM TlNO 3 and KNO 3 . PAO up to 1-2 μM did not affect markedly both RCR DNP and respiration of the mitochondria being in state 4, state 3, or DNP-uncoupled state but some decrease in RCR ADP had place ( Fig. 5A and see Table 5 in Korotkov (2016) ). Wherein, PAO at 5 μM decreased DNP-uncoupled respiration, RCR ADP and RCR DNP , and these three parameters were visibly inhibited by 10 μM PAO. State 4 of RLM, injected into the medium containing glutamate and malate (in bold) or succinate and rotenone, was not affected by 12.5-100 μM DIDS (Fig. 5B ). DIDS at 25-100 μM did inhibit state 3 and RCR ADP in Ca 2+ -free experiments with these substrates, although DNP-uncoupled respiration and RCR DNP were visibly decreased by DIDS only in the succinateenergized mitochondria (Fig. 5B and see Table 5 in Korotkov (2016) ). Mitochondrial respiration as well as RCR ADP and RCR DNP were not influenced in the presence of 50-200 μM tBHP, except for a slight decrease in DNP-uncoupled respiration and RCR DNP at 100-200 μM (Fig. 5C and see Table 5 in Korotkov (2016) ). NEM at 50-200 μM had no effect on state 4, but somewhat decrease in RCR ADP , RCR DNP as well as state 3 and DNPuncoupled respiration was found in the presence of these NEM concentrations ( Fig. 5D and see Table 5 in Korotkov (2016) ). Fig. 6 illustrates that basal respiration, after some short-term burst from Ca 2+ uptake, and DNP-uncoupled respiration (control trace) compared to the respiration free of any additions (none Ca 2+ trace) were both decreased after addition of Ca 2+ in the medium containing TlNO 3 and KNO 3 .
Some Ca
-induced decrease in DNP-uncoupled respiration (asteriskmarked traces) was found in the presence of 1-5 μM PAO (Fig. 6A) or 50-100 μM tBHP (Fig. 6C) but not 2.5-12.5 μM DIDS (Fig. 6B) . However, notable decrease in RCR DNP was detected only at 5 μM PAO (Fig. 6A and see Table 6 in Korotkov (2016) ). ADP plus CsA or NEM alone, injected before these reagents (PAO, DIDS, or tBHP), prevented this Ca 2+ -induced decrease in both DNP-uncoupled respiration and RCR DNP ( Fig. 6 and see Table 6 in Korotkov (2016) -induced drop (Fig. 7 ) in the ΔΨ mito (control trace) had place due to the opening of the Tl + -induced MPTP in the inner membrane of CaRLM (Korotkov and Saris, 2011; Korotkov et al., 2015a , and present study). The Ca 2+ -induced ΔΨ mito drop and corresponding rate in the change of safranine signal were more visible in the presence of PAO, DIDS, or tBHP ( Fig. 7 and see Table 7 in Korotkov (2016) ). However, these drop and rate were very low when the reagents (PAO, DIDS, or tBHP) were injected in the medium containing ADP plus CsA (Fig. 7 and see Table 7 in Korotkov (2016) ).
Discussion
It was earlier postulated that MPTP opening in the IMM is induced by the oxidation and cross-linkage of membrane protein thiol groups or respiratory chain-generated ROS (Bernardes et al., 1994; Petronilli et al., 1994; Kowaltowski et al., 1997) . Indeed, oxidative stress inductors (diamide and tBHP) and thiol reagent (PAO) were found to cross-link Cys 159 and Cys 256 on matrix-facing loops of the ANT, and to induce the MPTP by inhibiting ADP binding and increasing Cyp-D binding with specific sites of the translocase (Petronilli et al., 1994; McStay et al., 2002; Halestrap and Brenner, 2003; García et al., 2007) . The sensitivity of the calcium trigger sites to Ca 2+ increased potently when the ANT 'c' conformation was stabilized by calcium overload, CATR, PAO, tBHP, or diamide (Castilho et al., 1996; McStay et al., 2002; Halestrap and Brenner, 2003; Klingenberg, 2008; Halestrap, 2010) . Caused by tBHP or PAO in succinate-energized CaRLM, a diminution in FCCPuncoupled respiration and an increase in swelling and ΔΨ mito dissipation were markedly inhibited by EGTA in the presence of ADP, DTT, catalase, or ruthenium red (Riley and Pfeiffer, 1985; Castilho et al., 1996; Kowaltowski and Castilho, 1997) . The Ca
2+
-and FCCP-induced MPTP, the affinity of ADP to its inhibitory site, and the subsequent swelling of RLM in a KCl buffer increased in series of tBHP, diamide b PAO (Halestrap et al., 1997) . The ability of the thiol reagents (PAO, tBHP, DIDS) to overcome the ADP inhibition of the Tl + -induced MPTP in CaRLM enhances in the series of tBHP b DIDS b PAO because the reagents' concentration to cause similar effects on swelling ( Fig. 2 and see Table 2 in Korotkov (2016) ), respiration (Figs. 5 and 6, and see Tables 5 and 6 in Korotkov (2016)), and ΔΨ mito ( Fig. 7 and see Table 7 in Korotkov (2016) ) was similarly decreased in experiments with Ca 2+ and ADP. The MPTP inhibitor, ADP fixing the ANT 'm' conformation decreased sensitivity of calcium trigger sites to Ca 2+ (Halestrap and Brenner, 2003; Klingenberg, 2008; Halestrap, 2010) . The present research reveals that Ca 2+ -induced increase in the swelling (Fig. 2 and see Table 2 in Korotkov (2016) ) and ΔΨ mito dissipation (Fig. 7 and see Table 7 in Korotkov (2016) ) as well as attenuation in DNP-uncoupled respiration ( Fig. 6 and see Table 6 in Korotkov (2016) ) were visibly inhibited by ADP. Taking into account these results and abovementioned literature data, we can hypothesize carefully that opening of the Tl + -induced MPTP in the inner membrane can be dependent on the ANT conformation state.
It was earlier shown that BKA and CATR, respectively, fix ANT in 'm' and 'c' conformation, transforming the mitochondria into condensed and non-condensed state (Halestrap and Brenner, 2003; Klingenberg, 2008; Halestrap, 2010) . Ca 2+ , P i -induced MPTP was stimulated by CATR but inhibited by Mg 2+ , ADP, and BKA (Zoccarato et al., 1981) .
The finding that the ADP-dependent decrease in Ca
-induced swelling of CaRLM was overcome by CATR ( Fig. 4C and see Table 4 in Korotkov (2016) ) is in a good agreement with the fact that MPTP opening took place when the ANT in Ca 2+ -loaded mitochondria was in 'c' conformation (Klingenberg, 2008; Halestrap, 2010) . On the other hand, the inhibition in swelling of CaRLM in experiments with ADP or BKA (Fig. 4C ) can be resulted in fixing the ANT 'm' conformation by these agents (Halestrap and Brenner, 2003; Halestrap, 2010) . Low concentrations of NEM were found to attack Cys 56 that stabilizes the ANT in 'm' conformation (Halestrap and Brenner, 2003; Nantes et al., 2011) . As a result, NEM in experiments with thiol reagents (tBHP, diamide, arsenite, menadione, DIDS, and PAO) inhibited Ca 2+ -induced MPTP, mitochondrial swelling, ΔΨ mito dissipation due to a decrease in the affinity of calcium-binding sites to Ca 2+ (Petronilli et al., 1994; Kowaltowski et al., 1997; McStay et al., 2002; Halestrap and Brenner, 2003; García et al., 2007; Nantes et al., 2011) . Thus, a decrease of the Ca 2+ -induced swelling, caused by NEM, in the presence of PAO and tBHP ( Fig. 3 and see Table 3 in Korotkov (2016) ) may be due to fixing the ANT in 'm' conformation. The impact of MPTP inducers (PAO, tBHP, and DIDS) on the total thiol content in mitochondrial proteins was additive (Kowaltowski et al., 1997) . This suggests that the inducers may react with distinct thiol groups of mitochondrial membrane proteins. Possibly for this reason, the attenuation of Ca 2+ -induced mitochondrial swelling caused by NEM was not significant in experiments with DIDS ( Fig. 3B and see Table 3 in Korotkov (2016) ). The amount of membrane protein thiols accessible to NEM increased visibly in the presence of ADP stabilizing the ANT in 'm' conformation (Kowaltowski et al., 1997) . It can be assumed that the more stabilizing of the 'm' conformation resulted in a stronger inhibition of the Tl + -induced MPTP opening in the joint presence of ADP and NEM that was correspondingly manifested as attenuation of Ca 2+ -induced swelling ( Fig. 3 and see Table 3 in Korotkov (2016) ) and the inhibition in decrease of DNP-uncoupled respiration ( Fig. 6 and see Table 3 in Korotkov (2016) ) in experiments with PAO, tBHP, and DIDS. It was shown that CsA prevented the binding of Cyp-D to the matrix surface and inhibited the opening of MPTP in the IMM (Halestrap and Brenner, 2003; Halestrap, 2010) . Induced by oxidative stress inducers (PAO, tBHP, diamide, DIDS, Cd 2+ ), swelling, ΔΨ mito disruption, Ca 2+ efflux, and increased CyP-D binding were inhibited by CsA (Bernardes et al., 1994; Broekemeier and Pfeiffer, 1995; Kowaltowski and Castilho, 1997; Zazueta et al., 2000; McStay et al., 2002; Halestrap and Brenner, 2003; Belyaeva et al., 2004; García et al., 2007) . Earlier we found (Korotkov and Saris, 2011; Korotkov et al., 2015b ) that increase in swelling or ΔΨ mito drop and decrease in mitochondrial respiration were followed by the Tl + -induced MPTP opening in the inner membrane of CaRLM, added to medium containing 25-75 mM TlNO 3 and 25-100 μM Ca 2+ as well as sucrose or nitrates. Inhibition of the MPTP was observed in experiments with CsA and ADP, and this inhibition increased in series of CsA b ADP ≪ ADP + CsA (Korotkov and Saris, 2011; Korotkov et al., 2015b) . Similar series were seen under inhibiting the increased swelling (Fig. 3 and see Table 3 in Korotkov (2016) ), respiratory decrease ( Fig. 6 and see Table 6 in Korotkov (2016)), and Ca
-induced ΔΨ mito dissipation (Fig. 7 and see Table 7 in Korotkov (2016) ) in our experiments with PAO, tBHP and DIDS. The replacement of ADP by NEM in the presence of CsA maintained the series (Figs. 3 and 6 as well as Tables 3 and 6 in Korotkov (2016)). The results suggest that the additive effect in experiments with CsA is possible if the ANT 'm' conformation is stabilized by both ADP and NEM (Halestrap and Brenner, 2003; Halestrap, 2010; Nantes et al., 2011) . However, the inhibition of the Ca 2+ -induced swelling by CsA plus NEM was not so significant in experiments with DIDS ( Fig. 3B and see Table 3 in Korotkov (2016) ), and it was comparable to the effect of ADP alone, but not ADP plus CsA. This difference may be due to the fact that PAO and tBHP, on the one hand, and DIDS, on the other hand, may react with different mitochondrial membrane protein thiol groups (Kowaltowski et al., 1997) and induce distinct sulfhydryl-disulfide transitions, followed by membrane protein polymerization in the presence of Ca 2+ (Bernardes et al., 1994) .
It was found that titration of approximately 11 nmol/mg protein of mitochondrial thiol groups is required to open the MPTP and to induce massive swelling of mitochondria (Riley and Lehninger, 1964; Brierley et al., 1968; García et al., 2007) . Thiol reagents (PAO, tBHP, DIDS, and 100-200 μM NEM) stabilize the pore structure via cross-linkage of vicinal matrix-faced dithiol sites of proteins involved in the formation of the pore which was shown to be dependent on extra-mitochondrial Ca 2+ that triggers membrane permeabilization with associated mitochondrial swelling, reduction in mitochondrial electron flow and thiol content, ΔΨ mito dissipation, oxidation of pyridine nucleotides, and significant enhancement of ROS production, as well as the formation of mitochondrial protein aggregates and release of Ca 2+ , Mg 2+ , and K + from the matrix (Riley and Pfeiffer, 1985; Bernardes et al., 1994; Broekemeier and Pfeiffer, 1995; Rigobello et al., 1995; Castilho et al., 1996; Bindoli et al., 1997; Kowaltowski et al., 1997; Nantes et al., 2011; Singh et al., 2011) . EGTA inhibited both mitochondrial swelling and ΔΨ mito drop, and decreased the amount of protein aggregates in experiments with DIDS and Ca 2+ (Bernardes et al., 1994) . On the other hand, the harmful effect of Tl + on living organisms was presumed to be resulted in ligand formation with protein sulfhydryl groups (Woods and Fowler, 1986; Mulkey and Oehme, 1993; Kiliç and Kutlu, 2010) . We have recently suggested formation of complexes of Tl + with soluble matrix proteins because a decrease in the content of the SH groups was found in the matrix-soluble fraction of RLM, incubated and frozen in the medium containing 25-75 mM TlNO 3 and KNO 3 (Korotkov et al., 2014a) . Thereby, the increase (Figs. 1-7 and see Tables 1-7 in Korotkov (2016) ) in effects of Tl + on RLM, added in media containing TlNO 3 , KNO 3 , and used sulfhydryl reagents (PAO, tBHP, DIDS), appears to be due to a magnification in forming these thallous complexes. As can be surmised, the substantial swelling after addition of Ca 2+ into the medium containing the thiols (PAO, tBHP, DIDS) ( Fig. 2 and see Table 2 in Korotkov (2016) ) might be due to increased membrane permeabilization resulting from the aggregation of mitochondrial proteins with Tl + . The present study is the first to show (Figs. 1 and 2 ) that the ability of rat liver mitochondria to maintain stability of their matrix volume in TlNO 3 media (Korotkov, 2009 ) depends on reactivity of thiol groups in the inner membrane and markedly decreases in the presence of these reagents.
Experiments in which mitochondria were pre-treated with diamide and PAO revealed the interaction of 80 μM EMA or 500 μM NEM with the ANT Cys 159 which greatly lowered the ability of ADP to inhibit the MPTP (McStay et al., 2002 (Zazueta et al., 2000; Belyaeva et al., 2004) . DTT reduced vicinal SH groups which had been preliminarily oxidized by Cd 2+ and the cross-linkers (tBHP or diamide) or bridged with arsenite (Petronilli et al., 1994; Zazueta et al., 2000) . Changes in the ANT conformation may be involved in the changeover of thiol group reactivity (Kowaltowski et al., 1997; McStay et al., 2002) . So, one can assume that the visible increase in the swelling of succinate-energized RLM at 500 μM NEM (Fig. 4A and see Table 4 in Korotkov (2016) ) and elimination of the ADP inhibition of Ca
-induced swelling at 250-500 μM NEM (Fig. 4B) may result from the change of the ANT conformation resulted in interaction of NEM with the ANT thiol groups.
It was found that tBHP in media free of Ca 2+ induced membrane permeabilization via oxidation or cross-linkage of vicinal thiol groups, and increased the mitochondrial swelling and ΔΨ mito drop, as well as oxidization of pyridine nucleotides, glutathione, and NADH (Bindoli et al., 1997; Salvi et al., 2007; Singh et al., 2011) . The mitochondrial permeabilization induced by the thiol reactant DIDS was mediated by its interaction with membrane proteins (Nantes et al., 2011) . It was earlier presumed that membrane permeabilization to ions does not require extensive thiol cross-linkage, and may occur even with modification of single proteins via sulfhydryl-disulfide transitions in bond formation (Bernardes et al., 1994; Castilho et al., 1996) . It is known that a dysfunction of the respiratory chain favors MPTP opening (Chávez et al., 1997) .
A decrease in DNP-uncoupled respiration and RCR DNP (Fig. 5 and see Table 5 in Korotkov (2016) ) in experiments with the thiol reagents (PAO, tBHP, and DIDS) or Cd 2+ (Korotkov et al., 1998) indicates inhibition of the respiratory chain under our used experimental conditions. One may therefore carefully suppose that more potent swelling of succinate-energized RLM in the medium containing TlNO 3 and KNO 3 as well as PAO and tBHP ( Fig. 1 and see Table 1 in Korotkov (2016) ) or DIDS ( Fig. 2B and see Table 2 in Korotkov (2016) ) is most likely due to inhibition of the respiratory chain by these reagents, but not to increased inner membrane passive ion permeability. On the other hand, ANT can be transformed from an antiporter to a non-selective porter by increasing CyP-D binding with the IMM (Li et al., 2004) . The inhibition of swelling in a medium containing ADP and NH 4 NO 3 allows the penetration of H + and K + into the matrix to be assumed with the ANT participation (Klingenberg, 2008) . The swelling of non-energized RLM in TlNO 3 media free of Ca 2+ was decreased by ADP in our experiments with Y 3+ and La 3+ (Korotkov et al., 2014b) or Tl + alone (Korotkov and Saris, 2011) , possibly indicating that ANT participates in regulating inner membrane ion permeability. Thus, a second reason for the swelling may be the reaction of the thiol reagents with SH groups of the ANT Nantes et al., 2011; Ricchelli et al., 2011) . The reason for the PAO-induced decrease (Fig. 1A and see Table 1 in Korotkov (2016) ) and tBHP-induced lack (Fig. 1C) in swelling of RLM in the KNO 3 medium may be that Tl + more than K + favors interaction of the reagents with the ANT in medium containing TlNO 3 and KNO 3 . When DIDS at 50-100 μM has interacted with thiol groups, it has correspondingly decreased FCCP-uncoupled respiration in succinate-energized RLM and state 3 in α-ketoglutarate-energized RLM due to the inhibition of succinate dehydrogenase activity and F 1 F 0 -ATP synthase (Bernardes et al., 1994; Bernardes et al., 1997) . DIDS completely inhibited RCR ADP and state 3 respiration of RLM, regardless of the substrate used ( Fig. 5B and see Table 5 in Korotkov (2016) ), however DNP-uncoupled respiration was completely inhibited by 100 μM DIDS only in succinate-energized mitochondria that is in a good agree with previous findings (Bernardes et al., 1994; Bernardes et al., 1997) . It was found that hepatocytes, cardiomyocytes, renal tubular epithelial cells, glial cells, and neurons in thallium-empoisoned humans (Rodríguez-Mercado and Altamirano-Lozano, 2013; Li et al., 2015) , as well as thallium-treated rodents (Herman and Bensch, 1967; Woods and Fowler, 1986; Leung and Ooi, 2000; Kiliç and Kutlu, 2010) showed significant disruption of the structural integrity of mitochondria which manifested in intense mitochondrial swelling, notable expansion of intermembrane spaces, and disintegration of membranes and cristae. Dose of thallous salts both above cases and thallium-treated hamsters (Aoyama et al., 1988 ) was approximately to 120-900 μmoles Tl + per l of body water. Thallous salts at 100-250 μM were used in experiments with isolated rat hepatocytes and PC12 cells as well as long-term incubated RLM (Zierold, 2000; Villaverde et al., 2004; Hanzel and Verstraeten, 2006; Hanzel and Verstraeten, 2009; Pourahmad et al., 2010; Eskandari et al., 2015) . Concentration at 2-150 mM thallium salt was used in researching oxygen consumption rates and potassium ion fluxes in isolated mitochondria (Barrera and Gomez-Puyou, 1975; Melnick et al., 1976; Diwan and Lehrer, 1977; Korotkov et al., 2008; Wojtovich et al., 2010) as well as potassium channels of both frog oocytes (Lopatin et al., 1998; Lu et al., 2001 ) and ventricular myocytes (Foster et al., 2012) , and renal proximal tubule membrane (Mauerer et al., 1998) . Visible mitochondrial swelling could be detected only if isolated mitochondria were injected into millimolar thallous buffers (Melnick et al., 1976; Saris et al., 1981; Korotkov, 2009; Korotkov et al., 2015b) . The reason for this can be in part that Tl + revealed negligible interaction with inner membrane sulfhydryl groups of RLM because a change in the content of the SH groups was not found in the inner membrane fraction of RLM, exposed in the medium containing 25-75 mM TlNO 3 and further washed and frozen in the medium containing 125 mM KNO 3 (Korotkov et al., 2014a) . Therewith thallous salts at millimolar concentrations pure reacted with both mitochondrial respiratory enzymes (Melnick et al., 1976; Woods and Fowler, 1986; Mulkey and Oehme, 1993; Korotkov, 2009 ) and molecules possessing vicinal SH groups (Perrin, 1979) . On the other hand, chelating agents (dimercaptopropanol, ethylenediaminetetraacetic acid, diethyldithiocarbamate) used against bivalent heavy metals' toxicity are contraindicated in the treatment of thallium poisoning. An optimal therapy for thallium intoxication is the injection of Prussian blue combined with forced diuresis with furosemide and mannitol, which may be supplemented by hemodialysis (Blain and Kazantzis, 2015) . The increase of Ca 2+ concentration in cytoplasm was found in experiments with isolated rat hepatocytes injected into a buffer containing TlCl (Zierold, 2000) . Cytotoxic effects of TlNO 3 including decrease in ΔΨ mito were markedly decreased in isolated rat hepatocytes in the presence of MPTP inhibitors (CsA and carnitine) (Pourahmad et al., 2010) . The present study using millimolar TlNO 3 concentrations (Figs. 1-7 ) was earlier performed the in vitro model that we have proposed to study opening of Tl + -induced MPTP in the inner membrane of Ca 2+ -loaded rat liver and heart mitochondria (Korotkov and Saris, 2011; Korotkov et al., 2013) and described in detail in our recent manuscript (Korotkov et al., 2015b) . Thus, the use of millimolar thallous concentrations and micromolar Cd 2+ concentrations (Korotkov et al., 1998) proved weak interaction of Tl + (Korotkov et al., 2014a) but not Cd 2+ (Zazueta et al., 2000) with thiol groups of isolated rat liver mitochondria. On the other hand, the research of different order concentrations of Tl + in various experimental models showed obvious qualitative similarity in thallous effects. Thallium is a rare but widely dispersed element and it is more toxic to humans than mercury, cadmium, lead, copper or zinc (Peter and Viraraghavan, 2005; Rodríguez-Mercado and Altamirano-Lozano, 2013) . Whereby, symptoms of acute toxicity depend on age, thallium dose, route of administration (Peter and Viraraghavan, 2005) . Intake of thallium compounds is very fast after ingestion, inhalation, or skin contact and may be full after ingestion (Blain and Kazantzis, 2015) . Thallium oxide of 100-350 μM was very toxic for rats, rabbits and dogs (Schoer, 1984) . Levels of thallium bioaccumulation in fish were related to the age and length of the fish, and greater bioaccumulation of inorganic thallium can be possible in water containing low amounts of potassium (Gantner et al., 2009) . Thallium concentration in liver of thallium-poisoned martens and badgers was from 4.7 to 57 mg/kg that is equal to Tl + at 23-280 μM (Schoer, 1984) . Thallium concentration on the first or third day after single injection of Tl acetate in hamsters (50 mg/kg) was correspondingly equal to 1330 μM and 470 μM in kidney, and 180 and 140 μM in liver (Aoyama et al., 1988) . Thallium poisoning (Herman and Bensch, 1967; Kiliç and Kutlu, 2010; Li et al., 2015) resulted in appearance of high electron dense granules which were detected in cytoplasm and mitochondria of brain, kidney, and liver. Appearance of these granules can be likely caused by the deposition of thallium in cells of these organs. These granules in hepatocytes of thallium-poisoned rats were similar ones found after calcium overload of mitochondria and hepatocytes (Herman and Bensch, 1967) . Therefore we cannot exclude that actual concentrations of Tl + in cytoplasm can be considerably higher micromolar concentrations of thallous salts used in experiments with isolated cells and thalliumtreated animals. Thallous compounds have been widely used in optical, cement, consume jewelry, photographic and electronic industries as well as they applied as insecticide and rodenticide agents (Peter and Viraraghavan, 2005; Ramsden, 2007; Kiliç and Kutlu, 2010; Blain and Kazantzis, 2015; Li et al., 2015) . However, emerging warfarin resistance in rats, the latter use of thallium increased again in some other countries (Peter and Viraraghavan, 2005; Blain and Kazantzis, 2015) . Fatalities have also occurred after the now outdated therapeutic use of thallium (Blain and Kazantzis, 2015) . Exposure of man to thallium may result in atmospheric pollution from copper, lead, and zinc smelters and from coal-burning power plants, and as a by-product of cadmium production and catalysts in organic synthesis (Blain and Kazantzis, 2015) . Thereby, of even greater opening the MPTP (Figs. 1-4 , 6, 7 and see Tables 1 -4, 6, 7 in Korotkov (2016) ) in TlNO 3 media containing used thiol reagents (PAO, tBHP, DIDS) allows to carefully suggest that toxic effects of thallous compounds present in the environment can be significantly increased if other sulfhydryl compounds such as industrial oxidizers or compounds of bivalent heavy metals (Pb, Sn, Hg, Cd) and arsenic are present there. On the other hand, the medical use of thallium isotopes (Hsieh et al., 2012) should not be performed simultaneously with other medications reducing antioxidant protection of an organism. Like bivalent heavy metals, thallium is widely believed to bind with thiol groups of proteins and mitochondrial membranes, and this circumstance results in inhibiting of enzyme reactions and decrease in glutathione levels with increased lipid peroxidation, and as a consequence, cellular injury (Aoyama et al., 1988; Ramsden, 2007; Kiliç and Kutlu, 2010) . It was shown that Tl + and Tl 3+ enhanced the production of ROS and H 2 O 2 , stimulated lipid peroxidation, and decreased the intracellular and matrix glutathione in experiments with PC12 cells, isolated hepatocytes, and thallium-treated rats, but the biochemical mechanisms of these toxic effects are still unclear (Villaverde et al., 2004; Galván-Arzate et al., 2005; Hanzel and Verstraeten, 2006; Hanzel and Verstraeten, 2009; Kiliç and Kutlu, 2010; Pourahmad et al., 2010) . It must be stressed that these above experiments have not revealed any significant differences between the effects of Tl + and Tl 3+ (potent oxidizer) in above experiments with cells and mitochondria (Rodríguez-Mercado and Altamirano-Lozano, 2013) . In contrast to the experiments using potent thiol reagents such as 15 μM PAO (Kowaltowski et al., 1997), 5-10 μM Cd 2+ (Zazueta et al., 2000) , or 10-20 μM Ag + (Riley and Lehninger, 1964) , we have not found any interaction of Tl + with SH groups of the inner membrane of RLM, injected in the medium containing 25-50 mM TlNO 3 (Korotkov et al., 2014a) . These circumstances gave us reason to hypothesize that oxidation of Tl + to Tl 3+ around inner membrane micro-domains may be due to the interaction of Tl + with ROS, generated by mitochondrial respiratory chain complexes (Korotkov et al., 2015b) . We recently showed (Korotkov et al., 2015c) that the opening of the Tl + -induced MPTP was more intensive in the presence of diamide but not tBHP because diamide more than tBHP can decrease glutathione level in cells and mitochondria (Petronilli et al., 1994; Halestrap and Brenner, 2003; Halestrap, 2010 (Gehring and Hammond, 1967; Schoer, 1984; Aoyama et al., 1988; Mulkey and Oehme, 1993; Galván-Arzate and Santamaría, 1998; Peter and Viraraghavan, 2005; Ramsden, 2007; Wojtovich et al., 2010; Blain and Kazantzis, 2015) . To research comprehensively processes of H + and Na + movements via IMM was accordingly proposed swelling technique applied media containing 125-135 mM of NH 4 NO 3 or NaNO 3 because IMM is freely permeable to NO 3 − (Mitchell and Moyle, 1969; Brierley et al., 1977) . On the other hand, mitochondria preswollen in media containing 125-135 mM KNO 3 buffers showed a massive contraction only if there were thiol reagents or ionophores (Mitchell and Moyle, 1969; Brierley et al., 1977) . Swelling of isolated mitochondria in media containing KCl or mannitol plus sucrose allows to be investigated by the MPTP in low and high conduction state, respectively (Bernardes et al., 1994; Chávez et al., 1997; Halestrap et al., 1997; Kowaltowski and Castilho, 1997; Elustondo et al., 2015) . However, swelling in nitrate media can yield information not only on the MPTP low conduction state, but also to research bidirectional movements of univalent cations (H + , K + , and Na + ) through the inner membrane (Mitchell and Moyle, 1969; Brierley et al., 1977 (Korotkov, 2009 ).
The use of this model allowed us to estimate the involvement calcium sites, directed both external and matrix sides of the inner membrane, in opening of the Tl + -induced MPTP in our experiments with Y 3+ , La 3+ , and bivalent metals (Korotkov et al., 2014b) . Therewith, it was shown that closure of ATP sensitive (mitoK ATP ) or BK-type Ca 2+ activated (mitoK Ca ) channels triggered the MPTP opening in the inner membrane of CaRLM (Korotkov et al., 2015a) . It was found that the Tl + -induced MPTP opening in energized CaRLM was visibly decreased by classic pore inhibitors (ADP, CsA, Mg 2+ , BKA, and low NEM) and stimulated by classic pore inducers (CATR, high NEM, PAO, tBHP, diamide, and DIDS) (Korotkov and Saris, 2011; Korotkov et al., 2015b; Korotkov et al., 2015c ; and present study (Fig. 4C) ). Wherein, the application of isolated mitochondria to evaluate mechanisms underlying mitochondrial toxicity of various chemicals and heavy metals is quite justified in place of experiments using animals (Ogata et al., 1983) . So, the use of K + surrogate Tl + in the model of the Tl + -induced MPTP at in vitro toxicological studies can help in both studying biochemical mechanisms of thallium toxicity and finding the pore new inhibitors and inducers among different chemical and natural compounds.
The present study results about possible involvement of the ANT conformation in opening the Tl + -induced MPTP that can be some basis for more detailed proteomic studies using isolated mitochondria, cells and Tl-treated animals to ascertain the possible participation of the ANT cysteines (Cys 159 , Cys 256 , and Cys 56 ) in both opening and inhibiting of the pore in the inner mitochondrial membrane. Taking into consideration recent findings on the involvement of the mitochondrial phosphate carrier in the MPTP complex (Baines, 2009; Halestrap, 2010) , we will focus our efforts on the carrier participation in the Tlinduced MPTP in experiments with CaRLM (in preparation). It must be emphasized that the use of isolated or line cells can confirm the involvement of bioconcentration of Tl + in cytoplasm as well as prove the involvement of the potential mechanisms of toxicity. Although isolated mitochondria enable to get a suitable model for mechanistic studies, they first of all should help us in understanding the thallium toxicity in vivo.
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